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Task 1: Tutorial: Reduction Clause (30 min)

We will work through the first 4 task together and discuss the results of the remaining tasks after 30 minutes.

The file e1 1.c contains the computation of a sum.

Perform the following tasks:

1. Parallelize it by adding the OpenMP parallel for clause

2. Compile it with and without OpenMP and compare the output

3. Try to repair the sum calculation by using a shared variable

4. Check the correctness of the algorithm - it doesn’t work, why?

5. Use the atomic pragma to repair the code

6. Check the correctness

7. Use the reduction variable instead




e1_1.c

#include <omp.h>
#include <stdio.h>
#include <stdlib.h>

int main (int argc, char *argv[]) 
{
int   i, n;
float a[100], b[100], sum; 

/* Some initializations */
n = 100;
for (i=0; i < n; i++)
  a[i] = b[i] = i * 1.0;
sum = 0.0;

//FIXME: parallelize me using reduction clause
  for (i=0; i < n; i++)
    sum = sum + (a[i] * b[i]);

printf("   Sum = %f\n",sum);

return 0;
}







e1_2.c

#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

double multiply(double a[], double b[], int n);
//Execute as: ./e1 6   (here 6 is command line param for the size of the vectors to be multiplied)
int main (int argc, const char * argv[])
{
    double sum;
    if (argc!=2) {
      printf("Please hand te vector size as a command line argument");
      return 1;
    }
    int n=atoi(argv[1]);//Input from command line argument. Restricting vectors to same length.
    double a [n], b [n];
    int i;
    
    //Snippet#1:
    printf("Hello, World! from Thread %d\n",omp_get_thread_num());

    //populating the vectors
    for (i = 0; i < n; i++) {
        a [i] = i * 0.25;
        b [i] = i * 1.5;
    }
        
    sum = 0.0;
    //Snippet#2:
    {
        double local_sum = 0.0;
        local_sum = multiply(a,b,n);
        
        sum += local_sum;
    }
    printf ("Snippet#2: sum =  %f \n", sum);
    
    
    sum = 0.0;    
    //Snippet#3:
    {
        sum += multiply(a,b,n);
    }
    printf ("Snippet#3: sum =  %f \n", sum);

    return 0;
}

double multiply(double a[], double b[], int n)
{
    double local_sum = 0.0;
    int my_rank = omp_get_thread_num();
    int thread_count = omp_get_num_threads();    
    int patchsize = n/thread_count;
    int gap = n - patchsize * thread_count;
    
    int start = my_rank * patchsize;
    
    if (gap != 0) {
        if (my_rank < gap) {
            start += my_rank;
        } else {
            start += gap;
        }
    }
    
    int end = start+patchsize;
    if (gap != 0) {
        if (my_rank < gap) {
            end++;
        }
    }
    
    for ( start; start < end; start++ ) {
        local_sum += a[start]*b[start];
    }
    return local_sum;
}









e1_3.c

#include <omp.h>
#include <stdio.h>
#include <stdlib.h>
#define N     50


void print_results(float array[N], int tid, int section);

int main (int argc, char *argv[]) {
  int i, nthreads, tid, section;
  float a[N], b[N], c[N];

  /* Some initializations */
  for (i=0; i<N; i++)
    a[i] = b[i] = i * 1.0;

  #pragma omp parallel private(c,i,tid,section)
  {
    tid = 42; //FIXME: how to get the thread id?
    if (tid == 0)
      {
      nthreads = 23; //FIXME: how to get the number of threads?
      printf("Number of threads = %d\n", nthreads);
      }

    /*** Use barriers for clean output ***/
    #pragma omp barrier
    printf("Thread %d starting...\n",tid);
    #pragma omp barrier

    #pragma omp sections nowait
    {
      #pragma omp section
      {
      section = 1;
      for (i=0; i<N; i++)
        c[i] = a[i] * b[i];
      print_results(c, tid, section);
      }

      #pragma omp section
      {
      section = 2;
      for (i=0; i<N; i++)
        c[i] = a[i] + b[i];
      print_results(c, tid, section);
      }
    }  /* end of sections */

    /*** Use barrier for clean output ***/
    #pragma omp barrier
    printf("Thread %d exiting...\n",tid);

  }  /* end of parallel section */

return 0;
}



void print_results(float array[N], int tid, int section) 
{
  int i,j;

  j = 1;
  /*** use critical for clean output ***/
  #pragma omp critical
  {
    printf("\nThread %d did section %d. The results are:\n", tid, section);
    for (i=0; i<N; i++) {
      printf("%e  ",array[i]);
      j++;
      if (j == 6) {
        printf("\n");
        j = 1;
        }
    }
    printf("\n");
  } /*** end of critical ***/

  #pragma omp barrier
  printf("Thread %d done and synchronized.\n", tid); 
}







e1_4.c

#include "stdio.h"
#include "stdlib.h"
#include "omp.h"

//Execute as: ./q2 6 (command line param assigns size of two square matrices to be multiplied)
int main(int argc, char *argv[])
{
    long ** m1, ** m2, ** prod;
    
    int i,j,k,r1,c1,r2,c2, result=0, thread_id=42, number_of_threads=23;
    r1 = c1 = r2 = c2 = atoi(argv[1]); //Input from command line argument. Restricting to square matrices.
    
    //Allocating memory
    m1 = (long **) malloc(r1 * sizeof(long *));
    for(i = 0; i < r1; i++)
    {
        m1[i] = (long *) malloc(c1 * sizeof(long));
    }
    
    m2 = (long **) malloc(r2 * sizeof(long *));
    for(i = 0; i < r2; i++)
    {
        m2[i] = (long *) malloc(c2 * sizeof(long));
    }
    
    prod = (long **) malloc(r1 * sizeof(long *));
    for(i = 0; i < r1; i++)
    {
        prod[i] = (long *) malloc(c2 * sizeof(long));
    }
    
    //Populate the matrices & print out to see it is correctly allocated memory.
    printf("Populating the matrices ...\n");
    printf("Matrix 1:\n");
    for(i=0; i<r1; i++)
    {
        for(j=0; j<c1; j++){
            m1[i][j] = j+1;
            printf("%lu\t",m1[i][j]);
        }
        printf("\n");
    }
    printf("Matrix 2:\n");
    for(i=0; i<r2; i++)
    {
        for(j=0; j<c2; j++){
            m2[i][j] = j+2;
            printf("%lu\t",m2[i][j]);
        }
        printf("\n");
    }
    printf("Matrices populated, proceeding to multiply ...\n");

    
    for(i=0;i<r1;i++)
    {
        for(j=0;j<c2;j++)
        {
            prod[i][j] = 0;
            for(k=0;k<c1;k++)
                prod[i][j] += m1[i][k]*m2[k][j];
            
            // DISTINGUISH HERE FIXME: How to get the right thread-ID? 
            // thread_id=...
            // number_of_threads=...
            printf("Thread#%d of %d computed prod[%d][%d]=%lu\t\n",thread_id,number_of_threads,i,j,prod[i][j]);
        }
        printf("\n");
    }

/* FIXME: add a timing routing that might look like:
    end = 
    elapsed = (end - start) ;
    printf("Time Taken =%f sec\n",elapsed);
*/
    
    //Print the product
    printf("\nMultiplied Matrix:\n");
    for(i=0; i<r1; i++)
    {
        for(j=0; j<c2; j++){
            printf("%lu\t",prod[i][j]);
        }
        printf("\n");
    }
    
    //Free memory
    for(i=0;i<r1;i++) {
        free(m1[i]);
    }
    free(m1);
    for(i=0;i<r2; i++) {
        free(m2[i]);
    }
    free(m2);
    for(i=0;i<r1; i++) {
        free(prod[i]);
    }
    free(prod);

    
    return 0;
}








e1_5.c


#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

void factorial(int x[], int n);

int main (int argc, const char * argv[])
{
    int arr[8];
    factorial(arr, 8);
    
    return 0;
}

void factorial(int x[], int n)
{
    int i,j,thread_id=42;
    
    #pragma omp parallel for num_threads(1) \
        default(none) private(i,j) shared (n,x)
    for(i=0; i<n; i++)
    {
        if(i<2)
            x[i] = 1;
        else
         x[i] = x[i-1]*i;
        
        // FIXME: thread_id=...
        printf("Thread id # %d computed factorial(%d) = %d \n",thread_id, i, x[i]);
    }
    
    for(j=0; j<n; j++)
        printf("%d\t",x[j]);
    printf("\n");
}









e1_6.c

#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

double myFunc();
//Execute as: ./e1 6   (here 6 is command line param for the size of the vectors to be multiplied)
int main (int argc, const char * argv[])
{
  double tmp;

//Snippet#1: What is wrong with the following code? Please fix
//  
  printf("Snippet#1\n");
#pragma omp for
  for (int i=0; i<20; i++) {printf("%d\n",i);}

//
//Snippet#2: What is wrong with the following code? Please fix
//
  printf("Snippet#2\n");
#pragma omp parallel num_threads(2)
  {
    // N code lines
    #pragma omp parallel for
    for (int i = 0; i < 10; i++)
      {
        tmp=myFunc();
      }
  }
//
//Snippet#3: What is wrong with the following code? Please fix
//
  printf("Snippet#3\n");
#pragma omp parallel num_threads(4)
  {
    omp_set_num_threads(2);
    #pragma omp for
    for (int i = 0; i < 10; i++)
      {
	tmp=myFunc();
      }
  }
//
//Snippet#4: What is wrong with the following code? Please fix
//
  printf("Snippet#4\n");
  int tmp_reduce;
  int i;
  i=1;
#pragma omp parallel reduction(+:tmp_reduce)
  {
    tmp_reduce += i;
    printf("%d\n",omp_get_num_threads());
  }
  printf("%d\n",tmp_reduce);
  return 0;
}

double myFunc() {
  int i;
  i++;
}









e2_1.c

#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

double myFunc();
//Execute as: ./e1 6   (here 6 is command line param for the size of the vectors to be multiplied)
int main (int argc, const char * argv[])
{
  double tmp;

//Snippet#1: What is wrong with the following code? Please fix
//  
  printf("Snippet#1\n");
#pragma omp for
  for (int i=0; i<20; i++) {printf("%d\n",i);}

//
//Snippet#2: What is wrong with the following code? Please fix
//
  printf("Snippet#2\n");
#pragma omp parallel num_threads(2)
  {
    // N code lines
    #pragma omp parallel for
    for (int i = 0; i < 10; i++)
      {
        tmp=myFunc();
      }
  }
//
//Snippet#3: What is wrong with the following code? Please fix
//
  printf("Snippet#3\n");
#pragma omp parallel num_threads(4)
  {
    omp_set_num_threads(2);
    #pragma omp for
    for (int i = 0; i < 10; i++)
      {
	tmp=myFunc();
      }
  }
//
//Snippet#4: What is wrong with the following code? Please fix
//
  printf("Snippet#4\n");
  int tmp_reduce;
  int i;
  i=1;
#pragma omp parallel reduction(+:tmp_reduce)
  {
    tmp_reduce += i;
    printf("%d\n",omp_get_num_threads());
  }
  printf("%d\n",tmp_reduce);
  return 0;
}

double myFunc() {
  int i;
  i++;
}









partial.c

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

void initcond(int nx, double y0[nx], double x[nx]);
void timestep(double t, double dt, double y0);
void RuKu3(double t0, double dt, int nx, double y0[nx], double x[nx], int nghost);
void get_rhs(double t, int nx, double f[nx], double x[nx], double rhs[nx], int nghost);
void der2(int nx, double fx[nx], double x[nx], double der2f[nx], int nghost);

int main(int argc, const char *argv[])
{

  int bc_type = 1;
  double wait = 0.001;
  double dt = 1e-5;
  int nsteps = 1000000000;
  int nx = 10000;

  nx = atoi(argv[1]);
  dt = atof(argv[2]);

  int nghost = 1;
  double verbose = 0;
  double y0[nx];
  double x[nx];
  double t = 0.0;
  int i = 0;
  double ymax, ymean, ymin;
  double tmax = 1000.;

  initcond(nx, y0, x);

  //-------------------------------------------------------------------------
  //  Starting loop over time
  //-------------------------------------------------------------------------
  printf("\n Starting:\n");
  while (i < nsteps && t < tmax)
  {
    RuKu3(t, dt, nx, y0, x, nghost);
    t = t + dt;
    if (i % 1000 == 0)
    {
      ymin = ymax = ymean = y0[0];
      for (int j = 1; j < nx; j++)
      {
        if (y0[j] > ymax)
        {
          ymax = y0[j];
        }
        if (y0[j] < ymin)
        {
          ymin = y0[j];
        }
        ymean += y0[j];
      }
      printf(" Timestep, time %i %f \n", i, t);
      printf(" ymin ymax ymean %f %f %f \n", ymin, ymax, ymean / nx);
    }
    i += 1;
  }
  return 0;
}
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
void get_rhs(double t, int nx, double f[nx], double x[nx], double rhs[nx], int nghost)
{
  //
  //  This function provides the right hand side (RHS) of the differential equations
  //
  double der2f[nx]; // Second derivative of f
  double derf[nx];  // First derivative of f
  // #########################################
  // advection equation with constent velocity
  //
  // der2(nx,f,x,derf,nghost);
  // for (int i=0;i<nx;i++) {
  //  rhs[i] = -0.5 * derf[i];
  //}
  //
  // ##################
  // diffusion equation
  //
  der2(nx, f, x, der2f, nghost);
  //

  for (int i = 0; i < nx; i++)
  {
    rhs[i] = 0.001 * der2f[i];
  }
}
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
void RuKu3(double t, double dt, int nx, double y0[nx], double x[nx], int nghost)
{
  //
  double t1, t2;
  double k2[nx], y2[nx];
  double k3[nx], y[nx];
  double rhs[nx];
  double k1[nx], y1[nx];
  //
  get_rhs(t, nx, y0, x, rhs, nghost);

  for (int i = 0; i < nx; i++)
  {
    k1[i] = rhs[i] * dt;
    y1[i] = y0[i] + k1[i] * 8 / 15;
  }
  t1 = t + dt * 8 / 15;
  //
  get_rhs(t1, nx, y1, x, rhs, nghost);
  for (int i = 0; i < nx; i++)
  {
    k2[i] = rhs[i] * dt;
    y2[i] = y0[i] + k1[i] / 4 + k2[i] * 5 / 12;
  }
  t2 = t + dt * 2 / 3;
  //
  get_rhs(t2, nx, y2, x, rhs, nghost);
  for (int i = 0; i < nx; i++)
  {
    k3[i] = rhs[i] * dt;
    y0[i] = y0[i] + k1[i] / 4 + k3[i] * 3 / 4;
  }
}
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
void initcond(int nx, double y0[nx], double x[nx])
{
  // Initialize with a gaussian blob
  //
  double width = 0.2;
  double ampl = 1.;
  double x0 = 0.;
  //
  for (int i = 0; i < nx; i++)
  {
    x[i] = (double)2. * i / (nx - 1.) - 1.;
    y0[i] = ampl * exp(-pow(x[i] - x0, 2.) / width);
  }
}
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
void der2(int nx, double fx[nx], double x[nx], double der2f[nx], int nghost)
{
  //
  double dx;
  //
  dx = x[1] - x[0];
  switch (nghost)
  {
    // -----------------------------------
  case 1:
    for (int i = nghost; i < nx - nghost; i++)
    {
      der2f[i] =
          +1. * fx[i - nghost] - 2. * fx[i] + 1. * fx[i + nghost];
    }
    // Periodic boundary
    der2f[0] =
        +1. * fx[nx - 1] - 2. * fx[0] + 1. * fx[nghost];
    der2f[nx - 1] =
        +1. * fx[nx - 2] - 2. * fx[nx - 1] + 1. * fx[0];

    for (int i = 0; i < nx; i++)
    {
      der2f[i] = der2f[i] / dx / dx;
    }
    break;
  default:
    printf("nhgost must be 1");
    break;
  }
}







test.c

#include <stdio.h>
#include <mpi.h>
#include <stdlib.h>
#include <stdint.h>

static inline double f(double x) {
    return 4.0/(1.0+x*x);
}

double Trap(
  double left_endpt  /*in */,
  double right_endpt /*in */,
  uint64_t trap_count     /*in */,
  double base_len    /*in */) {

  double estimate, x;
  uint64_t i;
  estimate = ( f(left_endpt) + f(right_endpt) )/2.0;
  for (i = 1; i <= trap_count-1; i++) {
    x = left_endpt + i*base_len;
    estimate += f(x);
  }
  estimate = estimate*base_len;
  return estimate;
} /* Trap */

int main(int argc, char * const* argv) {
  uint64_t n = atoi(argv[1]) * 1000llu;
  uint64_t local_n;
  int my_rank, comm_sz;
  double a = 0.0, b = 3.0, h, local_a, local_b;
  double local_int, total_int;
  int source;
  
  MPI_Init(NULL, NULL);
  MPI_Comm_rank(MPI_COMM_WORLD, &my_rank);
  MPI_Comm_size(MPI_COMM_WORLD, &comm_sz);
  
  h = (b-a)/n;         /* h is the same for all processes */
  local_n = n/comm_sz; /* So is the number of trapezoids  */
  local_a = a + my_rank*local_n*h;
  local_b = local_a + local_n*h;
  local_int = Trap(local_a, local_b, local_n, h);
  if (my_rank != 0) {
    MPI_Send(&local_int, 1, MPI_DOUBLE, 0, 0, MPI_COMM_WORLD);
  } else {
    total_int = local_int;
    for (source = 1; source < comm_sz; source++) {
      MPI_Recv(&local_int, 1, MPI_DOUBLE, source, 0, MPI_COMM_WORLD, MPI_STATUS_IGNORE);
      total_int += local_int;
    }
  }

  if (my_rank == 0) {
    printf("With n = %lld trapezoids, our estimate\n", (long long) n);
    printf("of the integral from %f to %f = %.15e\n", a, b, total_int);
  }

  MPI_Finalize();
  return 0;
} /* main */





https://www.openmp.org/spec-html/5.2/openmp.html
https://hpc-tutorials.llnl.gov/openmp/
https://hpc.gwdg.de/hpc/


Hints

• Compile using gcc -fopenmp -o e1 1 e1 1.c

Task 2: Basic OpenMP Directives (30 min)

The file e1 2.c contains blocks/instructions marked as Snippets in comments. Perform the following tasks:

1. Compile the code and investigate the output.

2. Parallelize the “Hello World” message in Snippet#1 by using the parallel directive.

3. Compile the code again with and without openmp flag and compare the output for both programs. (you
may need to add -lgomp at the end of the command line for this part)

4. Parallelize the vector multiplication code in Snippet#2 by adding the parallel directive in combination
with the critical directive. Use the latter to serialize access to the addition operation over the sum

shared variable.

5. Parallelize the vector multiplication code in Snippet#3 by adding a parallel directive with reduction

clause.

6. Investigate the multiply() function - create an alternative function that allows the use of the schedule
directive.

Task 3: OpenMP Sections (30 min)

The program in e1 3.c uses OpenMP sections for MIMD work sharing. Most of the time it does not exit
cleanly (it hangs) but there might be also another bug.

Try to repair the program. To do so:

• Modify the code to output proper debug messages.

• Identify the rootcause of the bug.

• Modify the code to work properly.

Hints

• You may want to play with the code.

• What is the problem with the array c[]?

• Are all barriers necessary?

Task 4: Parallelizing Matrix Multiplication (30 min)

The file e1 4.c contains code that performs multiplication of two square matrices (say A and B) with varying
sizes.

1. Using OpenMP, parallelize the loop that performs the multiplication such that the computation of rows
of the product matrix is parallelized among threads. Do not use default variable scope, instead use
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private and shared clauses explicitly.

2. Add a way to distinguish between different threads on the line marked with ”DISTINGUISH HERE”.

3. Add a way to calculate the total execution time of the matrix multiplication using omp get wtime().
Give the execution time in seconds!

4. Add a way to calculate the execution time for each thread separately. What do you notice?

5. Perform the multiplication of square matrices of varying sizes (say 2x2, 4x4, . . . , 1024x1024..) with a
varying number of threads up to 4096. Plot a graph showing the dependency between the execution time
and the number of threads for a 1024x1024 matrix. What behavior does it show?

Hints

• Make sure that you don’t allocate more memory than your computer has!
Which size of matrix fits at maximum in 1/4 of your computers main memory? You might look it up
with the linux command free.

• Make sure that you don’t create too many threads!

Task 5: Data/Loop Dependence (20 min)

The file e1 5.c contains code that uses an array x of fixed size to store the factorial of i in an array x[i].

1. What is the difference between

• #pragma omp parallel,

• #pragma omp for and

• #pragma omp parallel for?

2. What is the problem of data/loop dependence in the example?

3. Run the parallel for directive with more than 1 thread. What might go wrong?

4. How can you fix this without modifying the computation logic, i.e., using OpenMP features?

5. Modify the program logic such that the program behaves correctly with multiple threads.

6. Identify how the iterations are divided among threads. Use the schedule clause and try two alternative
schedules.

7. Discuss in your group: Is there any benefit of parallelizing this algorithm using OpenMP?

Task 6: Error Fixing (15 min)

The file e2 1.c contains simple code snippets each containing a different error. Fix the errors.

Task 7: Synchronization Clause (10 min)

1. Describe the difference between the critical and the atomic clause.

2. Describe the firstprivate clause.
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Task 8: Partial Differental Equation (60 min)

This task is optional and you may not have time to complete it - that is OK. You can optionally complete it
for your own training at home.

The file partial.c contains the basics for solving the time dependent partial equation also called the heat
equation. It uses a 3rd order Runge-Kutta time stepping scheme.

Your goal is to incrementally improve the performance.

Approach the problem as follows:

• Incrementally increase the performance using OpenMP.

• After each modification, verify that the output is correct (and the same as the initial version) after
non-trivial modifications.

• You may want to reduce the verbosity of the output.

• Identify what can be parallelized.

• Summarize your conclusions.

After compiling the code you can call it with two arguments, e.g., partial 100 0.01, where the first parameter
gives you the number of grid points and the second the length of the timestep. When using more grid points
you have to use a smaller time step. If the time step is to big you will get NaN.

Hints

• To compile the code, run gccpartial.c− opartial −O3− lm
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e1_1.c

#include <omp.h>
#include <stdio.h>
#include <stdlib.h>

int main (int argc, char *argv[]) 
{
int   i, n;
float a[100], b[100], sum; 

/* Some initializations */
n = 100;
for (i=0; i < n; i++)
  a[i] = b[i] = i * 1.0;
sum = 0.0;

//FIXME: parallelize me using reduction clause
  for (i=0; i < n; i++)
    sum = sum + (a[i] * b[i]);

printf("   Sum = %f\n",sum);

return 0;
}







e1_2.c

#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

double multiply(double a[], double b[], int n);
//Execute as: ./e1 6   (here 6 is command line param for the size of the vectors to be multiplied)
int main (int argc, const char * argv[])
{
    double sum;
    if (argc!=2) {
      printf("Please hand te vector size as a command line argument");
      return 1;
    }
    int n=atoi(argv[1]);//Input from command line argument. Restricting vectors to same length.
    double a [n], b [n];
    int i;
    
    //Snippet#1:
    printf("Hello, World! from Thread %d\n",omp_get_thread_num());

    //populating the vectors
    for (i = 0; i < n; i++) {
        a [i] = i * 0.25;
        b [i] = i * 1.5;
    }
        
    sum = 0.0;
    //Snippet#2:
    {
        double local_sum = 0.0;
        local_sum = multiply(a,b,n);
        
        sum += local_sum;
    }
    printf ("Snippet#2: sum =  %f \n", sum);
    
    
    sum = 0.0;    
    //Snippet#3:
    {
        sum += multiply(a,b,n);
    }
    printf ("Snippet#3: sum =  %f \n", sum);

    return 0;
}

double multiply(double a[], double b[], int n)
{
    double local_sum = 0.0;
    int my_rank = omp_get_thread_num();
    int thread_count = omp_get_num_threads();    
    int patchsize = n/thread_count;
    int gap = n - patchsize * thread_count;
    
    int start = my_rank * patchsize;
    
    if (gap != 0) {
        if (my_rank < gap) {
            start += my_rank;
        } else {
            start += gap;
        }
    }
    
    int end = start+patchsize;
    if (gap != 0) {
        if (my_rank < gap) {
            end++;
        }
    }
    
    for ( start; start < end; start++ ) {
        local_sum += a[start]*b[start];
    }
    return local_sum;
}









e1_3.c

#include <omp.h>
#include <stdio.h>
#include <stdlib.h>
#define N     50


void print_results(float array[N], int tid, int section);

int main (int argc, char *argv[]) {
  int i, nthreads, tid, section;
  float a[N], b[N], c[N];

  /* Some initializations */
  for (i=0; i<N; i++)
    a[i] = b[i] = i * 1.0;

  #pragma omp parallel private(c,i,tid,section)
  {
    tid = 42; //FIXME: how to get the thread id?
    if (tid == 0)
      {
      nthreads = 23; //FIXME: how to get the number of threads?
      printf("Number of threads = %d\n", nthreads);
      }

    /*** Use barriers for clean output ***/
    #pragma omp barrier
    printf("Thread %d starting...\n",tid);
    #pragma omp barrier

    #pragma omp sections nowait
    {
      #pragma omp section
      {
      section = 1;
      for (i=0; i<N; i++)
        c[i] = a[i] * b[i];
      print_results(c, tid, section);
      }

      #pragma omp section
      {
      section = 2;
      for (i=0; i<N; i++)
        c[i] = a[i] + b[i];
      print_results(c, tid, section);
      }
    }  /* end of sections */

    /*** Use barrier for clean output ***/
    #pragma omp barrier
    printf("Thread %d exiting...\n",tid);

  }  /* end of parallel section */

return 0;
}



void print_results(float array[N], int tid, int section) 
{
  int i,j;

  j = 1;
  /*** use critical for clean output ***/
  #pragma omp critical
  {
    printf("\nThread %d did section %d. The results are:\n", tid, section);
    for (i=0; i<N; i++) {
      printf("%e  ",array[i]);
      j++;
      if (j == 6) {
        printf("\n");
        j = 1;
        }
    }
    printf("\n");
  } /*** end of critical ***/

  #pragma omp barrier
  printf("Thread %d done and synchronized.\n", tid); 
}







e1_4.c

#include "stdio.h"
#include "stdlib.h"
#include "omp.h"

//Execute as: ./q2 6 (command line param assigns size of two square matrices to be multiplied)
int main(int argc, char *argv[])
{
    long ** m1, ** m2, ** prod;
    
    int i,j,k,r1,c1,r2,c2, result=0, thread_id=42, number_of_threads=23;
    r1 = c1 = r2 = c2 = atoi(argv[1]); //Input from command line argument. Restricting to square matrices.
    
    //Allocating memory
    m1 = (long **) malloc(r1 * sizeof(long *));
    for(i = 0; i < r1; i++)
    {
        m1[i] = (long *) malloc(c1 * sizeof(long));
    }
    
    m2 = (long **) malloc(r2 * sizeof(long *));
    for(i = 0; i < r2; i++)
    {
        m2[i] = (long *) malloc(c2 * sizeof(long));
    }
    
    prod = (long **) malloc(r1 * sizeof(long *));
    for(i = 0; i < r1; i++)
    {
        prod[i] = (long *) malloc(c2 * sizeof(long));
    }
    
    //Populate the matrices & print out to see it is correctly allocated memory.
    printf("Populating the matrices ...\n");
    printf("Matrix 1:\n");
    for(i=0; i<r1; i++)
    {
        for(j=0; j<c1; j++){
            m1[i][j] = j+1;
            printf("%lu\t",m1[i][j]);
        }
        printf("\n");
    }
    printf("Matrix 2:\n");
    for(i=0; i<r2; i++)
    {
        for(j=0; j<c2; j++){
            m2[i][j] = j+2;
            printf("%lu\t",m2[i][j]);
        }
        printf("\n");
    }
    printf("Matrices populated, proceeding to multiply ...\n");

    
    for(i=0;i<r1;i++)
    {
        for(j=0;j<c2;j++)
        {
            prod[i][j] = 0;
            for(k=0;k<c1;k++)
                prod[i][j] += m1[i][k]*m2[k][j];
            
            // DISTINGUISH HERE FIXME: How to get the right thread-ID? 
            // thread_id=...
            // number_of_threads=...
            printf("Thread#%d of %d computed prod[%d][%d]=%lu\t\n",thread_id,number_of_threads,i,j,prod[i][j]);
        }
        printf("\n");
    }

/* FIXME: add a timing routing that might look like:
    end = 
    elapsed = (end - start) ;
    printf("Time Taken =%f sec\n",elapsed);
*/
    
    //Print the product
    printf("\nMultiplied Matrix:\n");
    for(i=0; i<r1; i++)
    {
        for(j=0; j<c2; j++){
            printf("%lu\t",prod[i][j]);
        }
        printf("\n");
    }
    
    //Free memory
    for(i=0;i<r1;i++) {
        free(m1[i]);
    }
    free(m1);
    for(i=0;i<r2; i++) {
        free(m2[i]);
    }
    free(m2);
    for(i=0;i<r1; i++) {
        free(prod[i]);
    }
    free(prod);

    
    return 0;
}








e1_5.c


#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

void factorial(int x[], int n);

int main (int argc, const char * argv[])
{
    int arr[8];
    factorial(arr, 8);
    
    return 0;
}

void factorial(int x[], int n)
{
    int i,j,thread_id=42;
    
    #pragma omp parallel for num_threads(1) \
        default(none) private(i,j) shared (n,x)
    for(i=0; i<n; i++)
    {
        if(i<2)
            x[i] = 1;
        else
         x[i] = x[i-1]*i;
        
        // FIXME: thread_id=...
        printf("Thread id # %d computed factorial(%d) = %d \n",thread_id, i, x[i]);
    }
    
    for(j=0; j<n; j++)
        printf("%d\t",x[j]);
    printf("\n");
}









e1_6.c

#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

double myFunc();
//Execute as: ./e1 6   (here 6 is command line param for the size of the vectors to be multiplied)
int main (int argc, const char * argv[])
{
  double tmp;

//Snippet#1: What is wrong with the following code? Please fix
//  
  printf("Snippet#1\n");
#pragma omp for
  for (int i=0; i<20; i++) {printf("%d\n",i);}

//
//Snippet#2: What is wrong with the following code? Please fix
//
  printf("Snippet#2\n");
#pragma omp parallel num_threads(2)
  {
    // N code lines
    #pragma omp parallel for
    for (int i = 0; i < 10; i++)
      {
        tmp=myFunc();
      }
  }
//
//Snippet#3: What is wrong with the following code? Please fix
//
  printf("Snippet#3\n");
#pragma omp parallel num_threads(4)
  {
    omp_set_num_threads(2);
    #pragma omp for
    for (int i = 0; i < 10; i++)
      {
	tmp=myFunc();
      }
  }
//
//Snippet#4: What is wrong with the following code? Please fix
//
  printf("Snippet#4\n");
  int tmp_reduce;
  int i;
  i=1;
#pragma omp parallel reduction(+:tmp_reduce)
  {
    tmp_reduce += i;
    printf("%d\n",omp_get_num_threads());
  }
  printf("%d\n",tmp_reduce);
  return 0;
}

double myFunc() {
  int i;
  i++;
}









e2_1.c

#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

double myFunc();
//Execute as: ./e1 6   (here 6 is command line param for the size of the vectors to be multiplied)
int main (int argc, const char * argv[])
{
  double tmp;

//Snippet#1: What is wrong with the following code? Please fix
//  
  printf("Snippet#1\n");
#pragma omp for
  for (int i=0; i<20; i++) {printf("%d\n",i);}

//
//Snippet#2: What is wrong with the following code? Please fix
//
  printf("Snippet#2\n");
#pragma omp parallel num_threads(2)
  {
    // N code lines
    #pragma omp parallel for
    for (int i = 0; i < 10; i++)
      {
        tmp=myFunc();
      }
  }
//
//Snippet#3: What is wrong with the following code? Please fix
//
  printf("Snippet#3\n");
#pragma omp parallel num_threads(4)
  {
    omp_set_num_threads(2);
    #pragma omp for
    for (int i = 0; i < 10; i++)
      {
	tmp=myFunc();
      }
  }
//
//Snippet#4: What is wrong with the following code? Please fix
//
  printf("Snippet#4\n");
  int tmp_reduce;
  int i;
  i=1;
#pragma omp parallel reduction(+:tmp_reduce)
  {
    tmp_reduce += i;
    printf("%d\n",omp_get_num_threads());
  }
  printf("%d\n",tmp_reduce);
  return 0;
}

double myFunc() {
  int i;
  i++;
}









partial.c

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

void initcond(int nx, double y0[nx], double x[nx]);
void timestep(double t, double dt, double y0);
void RuKu3(double t0, double dt, int nx, double y0[nx], double x[nx], int nghost);
void get_rhs(double t, int nx, double f[nx], double x[nx], double rhs[nx], int nghost);
void der2(int nx, double fx[nx], double x[nx], double der2f[nx], int nghost);

int main(int argc, const char *argv[])
{

  int bc_type = 1;
  double wait = 0.001;
  double dt = 1e-5;
  int nsteps = 1000000000;
  int nx = 10000;

  nx = atoi(argv[1]);
  dt = atof(argv[2]);

  int nghost = 1;
  double verbose = 0;
  double y0[nx];
  double x[nx];
  double t = 0.0;
  int i = 0;
  double ymax, ymean, ymin;
  double tmax = 1000.;

  initcond(nx, y0, x);

  //-------------------------------------------------------------------------
  //  Starting loop over time
  //-------------------------------------------------------------------------
  printf("\n Starting:\n");
  while (i < nsteps && t < tmax)
  {
    RuKu3(t, dt, nx, y0, x, nghost);
    t = t + dt;
    if (i % 1000 == 0)
    {
      ymin = ymax = ymean = y0[0];
      for (int j = 1; j < nx; j++)
      {
        if (y0[j] > ymax)
        {
          ymax = y0[j];
        }
        if (y0[j] < ymin)
        {
          ymin = y0[j];
        }
        ymean += y0[j];
      }
      printf(" Timestep, time %i %f \n", i, t);
      printf(" ymin ymax ymean %f %f %f \n", ymin, ymax, ymean / nx);
    }
    i += 1;
  }
  return 0;
}
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
void get_rhs(double t, int nx, double f[nx], double x[nx], double rhs[nx], int nghost)
{
  //
  //  This function provides the right hand side (RHS) of the differential equations
  //
  double der2f[nx]; // Second derivative of f
  double derf[nx];  // First derivative of f
  // #########################################
  // advection equation with constent velocity
  //
  // der2(nx,f,x,derf,nghost);
  // for (int i=0;i<nx;i++) {
  //  rhs[i] = -0.5 * derf[i];
  //}
  //
  // ##################
  // diffusion equation
  //
  der2(nx, f, x, der2f, nghost);
  //

  for (int i = 0; i < nx; i++)
  {
    rhs[i] = 0.001 * der2f[i];
  }
}
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
void RuKu3(double t, double dt, int nx, double y0[nx], double x[nx], int nghost)
{
  //
  double t1, t2;
  double k2[nx], y2[nx];
  double k3[nx], y[nx];
  double rhs[nx];
  double k1[nx], y1[nx];
  //
  get_rhs(t, nx, y0, x, rhs, nghost);

  for (int i = 0; i < nx; i++)
  {
    k1[i] = rhs[i] * dt;
    y1[i] = y0[i] + k1[i] * 8 / 15;
  }
  t1 = t + dt * 8 / 15;
  //
  get_rhs(t1, nx, y1, x, rhs, nghost);
  for (int i = 0; i < nx; i++)
  {
    k2[i] = rhs[i] * dt;
    y2[i] = y0[i] + k1[i] / 4 + k2[i] * 5 / 12;
  }
  t2 = t + dt * 2 / 3;
  //
  get_rhs(t2, nx, y2, x, rhs, nghost);
  for (int i = 0; i < nx; i++)
  {
    k3[i] = rhs[i] * dt;
    y0[i] = y0[i] + k1[i] / 4 + k3[i] * 3 / 4;
  }
}
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
void initcond(int nx, double y0[nx], double x[nx])
{
  // Initialize with a gaussian blob
  //
  double width = 0.2;
  double ampl = 1.;
  double x0 = 0.;
  //
  for (int i = 0; i < nx; i++)
  {
    x[i] = (double)2. * i / (nx - 1.) - 1.;
    y0[i] = ampl * exp(-pow(x[i] - x0, 2.) / width);
  }
}
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
//;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
void der2(int nx, double fx[nx], double x[nx], double der2f[nx], int nghost)
{
  //
  double dx;
  //
  dx = x[1] - x[0];
  switch (nghost)
  {
    // -----------------------------------
  case 1:
    for (int i = nghost; i < nx - nghost; i++)
    {
      der2f[i] =
          +1. * fx[i - nghost] - 2. * fx[i] + 1. * fx[i + nghost];
    }
    // Periodic boundary
    der2f[0] =
        +1. * fx[nx - 1] - 2. * fx[0] + 1. * fx[nghost];
    der2f[nx - 1] =
        +1. * fx[nx - 2] - 2. * fx[nx - 1] + 1. * fx[0];

    for (int i = 0; i < nx; i++)
    {
      der2f[i] = der2f[i] / dx / dx;
    }
    break;
  default:
    printf("nhgost must be 1");
    break;
  }
}







test.c

#include <stdio.h>
#include <mpi.h>
#include <stdlib.h>
#include <stdint.h>

static inline double f(double x) {
    return 4.0/(1.0+x*x);
}

double Trap(
  double left_endpt  /*in */,
  double right_endpt /*in */,
  uint64_t trap_count     /*in */,
  double base_len    /*in */) {

  double estimate, x;
  uint64_t i;
  estimate = ( f(left_endpt) + f(right_endpt) )/2.0;
  for (i = 1; i <= trap_count-1; i++) {
    x = left_endpt + i*base_len;
    estimate += f(x);
  }
  estimate = estimate*base_len;
  return estimate;
} /* Trap */

int main(int argc, char * const* argv) {
  uint64_t n = atoi(argv[1]) * 1000llu;
  uint64_t local_n;
  int my_rank, comm_sz;
  double a = 0.0, b = 3.0, h, local_a, local_b;
  double local_int, total_int;
  int source;
  
  MPI_Init(NULL, NULL);
  MPI_Comm_rank(MPI_COMM_WORLD, &my_rank);
  MPI_Comm_size(MPI_COMM_WORLD, &comm_sz);
  
  h = (b-a)/n;         /* h is the same for all processes */
  local_n = n/comm_sz; /* So is the number of trapezoids  */
  local_a = a + my_rank*local_n*h;
  local_b = local_a + local_n*h;
  local_int = Trap(local_a, local_b, local_n, h);
  if (my_rank != 0) {
    MPI_Send(&local_int, 1, MPI_DOUBLE, 0, 0, MPI_COMM_WORLD);
  } else {
    total_int = local_int;
    for (source = 1; source < comm_sz; source++) {
      MPI_Recv(&local_int, 1, MPI_DOUBLE, source, 0, MPI_COMM_WORLD, MPI_STATUS_IGNORE);
      total_int += local_int;
    }
  }

  if (my_rank == 0) {
    printf("With n = %lld trapezoids, our estimate\n", (long long) n);
    printf("of the integral from %f to %f = %.15e\n", a, b, total_int);
  }

  MPI_Finalize();
  return 0;
} /* main */





